In an interplanetary mission, the influence of solar radiation pressure (SRP) is a dominant disturbance in terms of the attitude control of a spacecraft, and a continuous disturbance due to the SRP shortens their mission life time. On the other hand, practical uses of the SRP are rapidly developed such as in Hayabusa and IKAROS, and their effectiveness is increasingly acknowledged. The objective of this study is to establish attitude control methods of a spacecraft by actively using the SRP. Moreover, we derive general and precise control methods by taking into account that the principal axes of inertia of a spacecraft are usually inclined from its symmetrical axes slightly, and verify the control methods by applying it to a model of Akatsuki.
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Introduction
In an interplanetary mission, the influence of gravity, air resistance and magnetic field of planets are relatively small, and solar radiation pressure (SRP) is a dominant disturbance in terms of the attitude control of a spacecraft. A disturbance is required to be cancelled with reaction wheels and a reaction control system, and a continuous disturbance due to the SRP shortens their mission life time.
On the other hand, practical uses of the SRP are rapidly developed, and their effectiveness is increasingly acknowledged. For instance, in the mission of the asteroid explorer Hayabusa operated from 2003 to 2010, its attitude was stabilized by using the SRP torque. 1) Additionally, IKAROS, which is the world's first operated solar sail, also proved that the attitude of a spacecraft can be controlled by a reflectivity control device (RCD), using the SRP torque.
2)
The objective of this study is to establish attitude control methods of a spacecraft by actively using the SRP.
The attitude motion of a spacecraft under the SRP has an equilibrium point in the Sun direction, and oscillates around the equilibrium point. It is also critical to keep the Sun cone angle small for power generation. Therefore, control methods for Sun-tracking by attenuating the oscillation must be considered. Since the SRP can be controlled by changing the Sun angle of solar array paddles (SAPs), it is possible to reduce reliance on reaction wheels and a reaction control system, and it leads to extend spacecraft's life.
Moreover, the attitude motion of a spacecraft which has inclined principal axes of inertia is considered. We derive general and precise control methods by taking into account that the principal axes of inertia of a spacecraft are usually inclined from its symmetrical axes. Design constraints of a spacecraft can be eased by establishing specific control methods for such spacecraft.
As a case study, we verify the control methods by applying them to a model of the Venus climate orbiter Akatsuki (Fig. 1) , which has two rotatable SAPs and inclined principal axes of inertia. 
Weathercock Motion
First, a weathercock motion of a spacecraft under the SRP is introduced. Assuming a perfectly flat plane, the SRP n s n s n s s n s n n s n s F n s
can be considered to be applied at the center of the SRP (Fig. 2) . 3) In the body fixed coordinates, vectors are represented as
where the attitude angles are assumed to be small. The SRP torque is expressed as follows. (4) This is a simple harmonic motion like a weathercock which has an equilibrium point in the Sun direction. Since P and C s are positive constants, the stability of the equilibrium point depends on the positional relationship between the center of mass and the center of the SRP. When L < 0, the equilibrium point is stable, and the surface normal tracks the Sun (Fig. 3 ), but when L > 0, it becomes unstable (Fig. 4) . 
PD Control
Next, attitude control methods of a spacecraft by using the SRP by changing the Sun angle of SAPs based on PD control is derived. Assuming two rotatable SAPs like 
where L z << L y1 . The SRP torque applied on the SAP on the positive side of the y-axis becomes 
Similarly, the SRP torque applied on the SAP on the negative side is It is important that there are only two control parameters 1 and 2 , but there are three state parameters , and to be controlled. Additionally, since L z << L y1 , the y component of the SRP torque is too small to apply as the control torque. However, it means that the control about x and z-axes hardly influence the angle about y-axis, and the control about x and z-axes can be considered to be independent of y-axis.
When 1 and 2 are to be controlled, there are two types of control mode. One is to rotate the SAPs on one side, and the SRP torque arises about x and z-axes (Fig. 5) . The other is to rotate the SAPs on both sides at the same angle inversely, and the SRP torque arises only about z-axis (Fig. 6) .
In order to attenuate and , PD control represented as
is applied. Since the relationship between 1 , 2 and T SRP is nonlinear, 1 and 2 are numerically calculated from Eq. (9). 
Nonholonomic Control
In order to control the attitude angle about y-axis, nonholonomic control is considered. 
As shown in Eq. (13), this variation is independent of x and z-axes.
In Case of Inclined Principal Axes of Inertia
Although it was assumed that the symmetrical axes of configuration correspond to the principal axes of inertia in the previous sections, a case in which the principal axes of inertia are inclined is considered now (Fig. 7) . As described in section 6, Akatsuki has inclined principal axes of inertia. The vectors are represented in the coordinate system fixed on the symmetrical axes of configuration (S system) similarly to section 3. 
where the superscript at the left of the vectors represents the coordinates in which the vector is represented.
When the principal axes of inertia are inclined, in S system, the products of inertia are non-zero. Since it is easy to treat the equation of the attitude motion represented in the coordinate system fixed on the principal axes of inertia (P system), the coordinate transformation matrix from S system to P system
is considered. Therefore, in P system, the equation of the attitude motion is represented as ) ( 
Also, the PD control must be modified as
T T (18) and the nonholonomic control must be performed taking into account the inclination of the principal axes of inertia. 
Simulation Results
As a case study, the control methods are verified by applying them to a model of the Venus climate orbiter Akatsuki. The specifications of Akatsuki are shown in Table 1 . As shown in Table 1 , Akatsuki has inclined principal axes of inertia. In this simulation, the y component of the SRP torque is simulated, but, for simplification, orbital motion and reaction torque of the SAPs are not. The magnitude of the SAPs angles is constrained within 45deg. 
PD control result
At first, a case in which Akatsuki's principal axes of inertia are not inclined, namely, S system corresponds to P system and S I xy = S I yz = S I zx = 0, was simulated. The weathercock motion and the PD control described in sections 2 and 3 are verified.
The attitude motion of this model under uncontrolled and PD controlled conditions were simulated and compared. The initial attitude angles are 0 = 15deg, 0 = 20deg, 0 = 15deg, and the angular velocity equals zero. The constraint conditions are set as 1 , 2 < 45deg. The target attitude angles are
The simulation results are shown in Figs. 8 to 12. Figs. 8  and 9 show the trajectory of the attitude angles of P system. Figs. 10 and 11 show the attitude angle history of P system and Sun cone angle history, where Sun cone angle is defined as the angle between s and z axis of S system. Fig. 12 shows the SAPs angle history.
Figs. 8 and 10 show that the angular amplitude of the weathercock motion is not attenuated, whereas Figs. 9 and 11 show that the x and z components of the attitude angle can be attenuated by the PD control independently of the y component. Fig. 12 shows that SAPs angle are changed as a function of and , and 1 and 2 are constrained less than 45deg.
In case of Akatsuki, since I yy = 1. In Fig. 11 , the period is 2.25day. This oscillation is the weathercock motion which was predicted. 
Nonholonomic control result
Next, in order to attenuate the y component of the attitude angle, the nonholonomic control described in section 4 was applied.
The attitude motion under the PD control and a combination of the PD and nonholonomic control were simulated and compared. The model, the initial condition, the constraint condition, and the target attitude angle are the same as in section 6.1. The nonholonomic control is applied from the 10th day to 28th day.
The simulation results are shown in Figs. 13 to 18.
Figs. 13 and 15 show that the y component of angular amplitude of the weathercock motion is not attenuated, whereas Figs. 14 and 16 show that it can be attenuated by the nonholonomic control. Fig. 18 shows that SAPs angle are changed synchronized with the weathercock motion for the case of the nonholonomic control. 
Result in case of inclined principal axes of inertia
Moreover, a case in which Akatsuki's principal of inertia is inclined as shown in Table 1 was simulated.
The attitude motion of this model under the control with and without considering the inclination of principal of inertia were simulated and compared. The initial condition and the constraint condition are the same as in section 6.1. Since the principal of inertia is inclined, when the attitude angles of P system are = 20.1deg, = 1.82deg, the z axis of S system is oriented to the Sun, and Sun cone angle is attenuated. Therefore, the target attitude angles are t = 20.1deg, t = 1.82deg as shown in Table 1 . The simulation results are shown in Figs. 19 to 24. In Fig. 22 , the broken lines represent the target attitude angles t and t . Fig. 21 shows that the y component of angular amplitude of the weathercock motion is not attenuated, whereas Fig. 22 shows that it can be attenuated by the nonholonomic control considering the inclination. Figs. 23 and 24 show that the PD and nonholonomic control with considering the inclination of principal of inertia are different from that without considering the inclination, and the PD control is more notable with considering inclination of principal of inertia. 
Conclusions
In this study, attitude control methods of a spacecraft by actively using the SRP by changing the Sun angle of SAPs based on the PD control and the nonholonomic control were proposed and verified by being applied to a model of the Venus climate orbiter Akatsuki.
Although the weathercock motion is induced under the SRP, the x and z components of the angular amplitude of the weathercock motion are attenuated successfully by the PD control.
When a spacecraft with two SAPs such as Akatsuki was considered, there are only two control parameters. However, there are three state parameters to be controlled, and the y component of the SRP is too small. In order to attenuate the y component of the attitude angle, a nonholonomic control was applied.
Moreover, the inclination of the principal axes of inertia was considered. Although when the PD and nonholonomic control were applied to the model with inclined principal axes of inertia, the y component of the attitude angle were not able to be attenuated, they were modified to be performed taking into account the inclination of the principal axes of inertia, and the y component of the attitude angle was attenuated.
